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Skin from the embryonic day 17 rat retains the ability
to epithelialize an excisional wound when isolated in
serum-supplemented suspension culture. This ability is
lost by embryonic day 19. We have investigated this ef-
fect of gestational age on fetal epithelial wound closure
by correlating the involvement of ¢lamentous actin (F-
actin) and its associated proteins, paxillin and gelsolin,
in the wound margins of embryonic day 17 and 19 rat
skins, with the ability to close a full thickness excisional
wound. Using £uorescent-phalloidin histochemistry
and scanning confocal microscopy, actin polymeriza-
tion was observed some ¢ve to six cells back from the
margin of wounds in the embryonic day 17 skin as early
as 3 h postwounding. As the wounds closed over the fol-
lowing 48^72 h, the actin further condensed around the
epithelial margin before dispersing after wound closure.
In contrast, no organization of actin was seen in the
epithelial margin of wounds in skin from the embryo-
nic day 19 embryos. Instead, actin ¢laments were ob-
served surrounding the dermal wound margins.
Chemical or mechanical disruption of the actin in
wounded embryonic day 17 skins prevented epithelial
closure, although wound repair was independent of cell
division. In particular, incising the wound margin 24 h
after wounding resulted in the ‘‘springing-open’’ of the
embryonic day 17 wound but not the embryonic day 19
wound, re£ecting the development of tension in the
embryonic day 17 wound margin. Expression of paxil-
lin mRNAwas upregulated following wounding at em-
bryonic day 17 but not at embryonic day 19. Paxillin was
also observed to colocalize with actin in embryonic day
17 wounds, but not embryonic day 19 wounds, indicat-
ing a potential role for paxillin in epithelial repair of
the fetal wound. In contrast, gelsolin mRNAwas upre-
gulated in embryonic day 19 fetal skin but not at em-
bryonic day 17 and gelsolin protein was observed
surrounding actin ¢laments at embryonic day 19 but
not embryonic day 17. These results demonstrate a
change in the mechanism of wound epithelialization
at the same gestational age that fetal wounds change
from scar-free to scar-forming wound repair. Key words:
actin/fetal/gelsolin/paxillin/wound healing. J Invest Dermatol
120:1118 ^1129, 2003
T
he healing of fetal and adult skin proceeds via di¡er-
ent mechanisms. Until late in the third trimester of
gestation (i.e., embryonic day (E)19 in the rat), trau-
ma to fetal skin induces a regenerative response
resulting in complete repair such that di¡erentiated
structures, such as glands and hair follicles, are replaced and heal-
ing produces an essentially ‘‘scar-free’’ outcome (Martin, 1997).
From late in the third trimester of gestation through to adult-
hood, the healing response acts more to repair than to regenerate,
and healed skin shows a disorganized tissue architecture that re-
sults in the formation of a scar (for reviews see Ferguson et al,
1996; Stelnicki et al, 1999; Longaker et al, 2001). This gestational
transition to a more adult mechanism of wound repair has been
characterized in several animal species (Ihara et al, 1990; Longaker
et al, 1990; Lorenz et al, 1993), in rats occurring between E17 and
E19 (Ihara et al, 1990; Belford, 1997).
When compared with adult wound repair, fetal wounds heal
with a markedly diminished in£ammatory response (Hopkin-
son-Woolley et al, 1994; Cowin et al, 1998), more rapid production
of extracellular matrix molecules such as ¢bronectin and tenas-
cin, a high hyaluronic acid content and altered pro¢les of growth
factor expression (Longaker et al, 1991; Whitby and Ferguson,
1991;West et al, 1997; Cowin et al, 2001; Gosiewska et al, 2001) re-
viewed by McCallion and Ferguson (1996). A further key di¡er-
ence between fetal and adult wound repair relates to the
mechanism of wound contraction and epithelialization. Adult
wound closure involves active movements of both dermis and
epidermis. Epithelial cells form lamellipodia and ¢lopodia,
which allow the cells to anchor to the underlying dermis and
crawl across it (Rudolph et al, 1992). In contrast, fetal excisional
wounds heal by a process independent of either an adhesive sub-
strate or lamellipodial crawling (Ihara and Motobayashi, 1992).
Whereas the mechanism responsible for fetal re-epithelializa-
tion is still not known, studies have shown that it involves the
formation of an actin cable in the basal marginal epidermal cells
that may act as a purse-string to draw the wound margins
together (Martin and Lewis, 1992; McCluskey and Martin,
1995; Kiehart, 1999). Although a degree of re-epithelialization
in both fetal and adult skin can be attributed to mesenchymal
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contraction, fetal epidermis is characterized by the ability to close
a wound in the absence of dermal substrata (Ihara et al, 1990; Bel-
ford, 1997). Localization of cadherins into clusters at the wound
margins suggests that this cable may join adjacent cells via adhe-
rens junctions enabling the leading cells in a fetal wound to be
drawn forward by concerted tugging on their epithelial cell
neighbors. Additional studies have shown that these actin cables
also contain myosin and can act in a zipper-like manner to close
incisional wounds in fetal skin (Brock et al, 1996).
The rearrangement of actin ¢laments into contractile elements
is mediated by the actin-associated proteins, gelsolin and paxillin,
in a number of cell types. Gelsolin severs actin ¢laments and
forms a cap on the newly exposed end of the ¢lament thus break-
ing up the cross-linked network of actin ¢laments (Sun et al,
1999). This local disassembly of the actin network in the cell cor-
tex may allow the reorganization of actin into the active contrac-
tile cable. Adult wound healing studies in gelsolin knockout mice
have revealed that the wounds gape open postinjury and that
there is delayed wound closure potentially due to a reduction in
the reorganization of cytoskeletal actin into contractile elements
(O’Kane, 1997). Paxillin is found at the cytoplasmic face of re-
gions of cell attachment to the extracellular matrix (Turner,
2000). Paxillin has a pivotal role in transducing many di¡erent
signals into cytoskeletal responses and changes in gene expression
Changes in the phosphotyrosine content of paxillin suggest that
it may be important in signaling through the activation of tyro-
sine kinases concentrated at the sites of adhesion (Turner, 1998).
The primary function of paxillin is as a molecular adaptor or
sca¡old protein that provides a platform for protein tyrosine ki-
nases such as focal adhesion kinase and Src, which are activated as
a result of integrin-mediated cell adhesion or growth factor sti-
mulation (Turner, 2000).
There are obvious ethical and physical limitations for studies
designed to investigate mechanisms involved in fetal wound re-
pair in vivo. Therefore, several in vitro models of fetal wound heal-
ing have been successfully developed. Ihara et al (1990) ¢rst
developed an organ culture system whereby a wounded piece of
fetal rat skin at di¡erent ages of gestation was immersed in culture
medium and the response to injury was investigated. By per-
forming in utero wounding of fetal rat skin, these authors con-
¢rmed that the gestational transition from fetal to adult
mechanisms of wound repair observed in vivo was also observed
in this in vitro model. Subsequent studies by Hopkinson-Woolley
et al (1994) comparing the e¡ect of wounding fetal mouse limb
buds using both a roller culture in vitro model and in utero
wounded limb bud showed similar e¡ects on macrophage re-
cruitment in embryonic and fetal wounds. This was corroborated
by Cowin et al (1998) in fetal rat skin in utero at the gestational
transition from scar-free healing to scar-forming healing. We
have previously shown that E17 rat skin retains the ability to heal
a full-thickness excisional wound when suspended in serum-sup-
plemented organ culture (Belford, 1997). This wound repair re-
sponse is restricted to skin isolated from the day 17 embryo and
is lost by E19 re£ecting the gestational transition from scar-free
healing phenotype to the more adult-like mechanism of wound
repair observed by Ihara et al (1990). As our in vitro explant model
of fetal wound healing is easily amenable to manipulation of
both the wound itself and the conditions of culture, we have
therefore sought to determine: (i) whether the transition in the
ability of isolated, organ cultured, fetal rat skin to epithelialize
an excisional wound correlates with ¢lamentous actin formation
in the epithelial margin of the wound; (ii) whether mechanical or
chemical disruption of actin ¢laments prevents epithelial repair in
E17 and E19 skin; and (iii) whether the actin-associated proteins,
paxillin and gelsolin, are a¡ected by wounding in early and late
gestation fetal wounds.
MATERIALS AND METHODS
Reagents Fluorescein isothiocyanate (FITC)-phalloidin, cytochalasin-B,
and hydroxyurea were purchased from Sigma-Aldrich Pty Ltd (Sydney,
Australia). Dulbecco’s modi¢ed Eagle medium (DMEM) was purchased
from Invitrogen, Australia Pty Ltd (Melbourne, Australia), and fetal
bovine serum (FBS) from Cytosystems (Castle Hill, Australia). A mouse
monoclonal IgG anti-paxillin antibody (clone 5H11) raised against a GST
fusion protein containing full-length human paxillin with cross-reactivity
to rat protein was obtained from Upstate Biotechnology (New York).
Goat polyclonal IgG anti-gelsolin (sc 6406) raised against an epitope
corresponding to an amino acid sequence mapping at the amino terminus
of human origin (and identical to corresponding mouse sequence with
cross-reactivity to rat protein) was obtained from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA).
Animals Time-mated pregnant Sprague^Dawley rats were used in the
study. All experiments were approved by the Adelaide Women’s and
Children’s Hospital Animal Care and Ethics Committee following the
Australian Code of Practice for the Care and the Use of Animals for
Scienti¢c Purposes. The day on which a vaginal plug was observed was
taken as day 0 of gestation.
In vitro fetal wound healing model Pregnant rats were killed by CO2
asphyxiation, the fetuses removed from the uterus, weighed and placed in
Hanks’ balanced salt solution. Fetuses were removed either at E17 or E19.
Wounding and culturing of fetal rat skin was undertaken according to the
methods used by Ihara et al (1990) and Belford (1997) with minor changes.
Fetal rats were pinned on a dissecting board and approximately a 0.5 0.5
cm piece of skin was dissected from the back of each fetus using ¢ne
scissors and forceps. The skin was mounted on a sterile disc and pinned
out using four sterile 25-gauge needles taking care to preserve the natural
tension of the skin. A single wound was created using a squared o¡,
sharpened 19 gauge needle (area 0.785 mm2). The mean area of the newly
created wounds was 0.542 mm27SD 0.0362 mm2 (n¼16). There was no
signi¢cant variation in the size of the newly created wounds. The fetal
skins were gently raised above the surface of the disc and upon
submersion in the culture medium £oated suspended by the pins above
the disc. Each explant was placed into a 12-well tissue culture dish
containing DMEM supplemented with 10% FBS to a ¢nal volume of
2 ml. Experiments using inhibitory agents were conducted according to
the same protocol. In these studies the DMEM/10% FBS was supplemented
with one of the following inhibitors: 2 mM hydroxyurea (Young and
Hodas, 1964) or 10 mg cytochalasin-B per ml (Spooner et al, 1970). Cultures
were maintained in a humidi¢ed atmosphere at 371C in 5% CO2 air
incubator. The wounds were photographed using a standard focal length
jig at the time of wounding and at designated time points during culture.
For the gene expression studies, the dorsal skin from E17 and E19 fetal
rats was excised and wounded eight to nine times with a 19G needle. The
skins were pinned out under tension and incubated in DMEM with 10%
FBS at 371C with 5% CO2 for 0, 30 min, 1 h, 3 h, 6 h, 12 h, and 24 h. After
incubation the skins were removed and snap frozen in liquid N2 then stored
at ^ 801C.
Localization of ¢lamentous actin in fetal excisional wounds Rat
skin explants were ¢xed in bu¡ered formalin (4% paraformaldehyde in
phosphate-bu¡ered saline) for 1 h and then rinsed in Tris-bu¡ered saline
(25 mM Tris, 140 mM NaCl, 3 mM KCl, pH 7.4). Actin was stained using
the actin-binding alkaloid phalloidin linked to the £uorochrome FITC
(2.5 mg per ml in Tris-bu¡ered saline; (Martin and Lewis, 1992). The
whole-mounted skins were incubated in phalloidin overnight at 41C,
rinsed in 2 20 min washes of Tris-bu¡ered saline at room temperature
before being mounted on microscope slides using Immu-mount
(Shandon, Pittsburgh, PA).
Mechanical disruption of ¢lamentous actin in fetal excisional
wounds Wounded E17 or E19 skin was placed in DMEM containing
10% FBS and incubated at 371C in 5% CO2 air incubator for 24 h. The
wound was tattooed by dipping the cutting needle into Indian ink prior
to creating the excision, which leaves ink particles embedded in the tissue
around the wound margin. Using a dissecting microscope and the £at edge
of the point of a 16-gauge needle, four full thickness linear incisions were
created through the skin perpendicular to the wound margins at 12, 3, 6,
and 9 o’clock. These incisions extended 1 mm back from the wound
margin and had the e¡ect of dividing the wound margin into quarters.
The wounded skins were returned to the incubator and the area of the
wound measured after 3, 6, 12, 24, 48, and 72 h using Image-Pros Plus
software (Media Cybernetics, Media Cybernetics Inc., Carlsbad, CA,
USA, MD). ‘‘Uncut’’, control, wounds were also measured at the same
time points and the area of the wound determined.
Confocal imaging of ¢lamentous actin in E17 and E19 fetal
wounds FITC-phalloidin labeled specimens were viewed using Bio-Rad
ROLE OFACTIN IN FETALWOUND CLOSURE 1119VOL. 120, NO. 6 JUNE 2003
MRC-1000 Laser Scanning Confocal Microscope System (BIO-RAD
Laboratories, Regents Park, NSW, Australia) in combination with a Nikon
Diaphot 300 inverted microscope in £uorescence mode with excitation at
488/10 nm and emission at 522/32 nm. Objective lenses 20 NA 0.40
and 40 water immersion NA 1.15 were used to produce horizontal and
vertical optical slices from the specimens. The images were captured as
Figure1. Actin cables are present in E17 but not E19 fetal rat skin wounds.Wounded skins from 120 E17 fetuses were ¢xed at 3, 6, 24, 48, and 72 h
postwounding, n¼ 24 per time point, and the whole-mounted skins stained using the actin binding alkaloid phalloidin-FITC. Confocal microscope images
of stained actin cables at 6 h postwounding (A), 24 h postwounding (B), 48 h postwounding (C), and 72 h postwounding (D). The arrows denote the actin
cables.Wounded skins from 60 E19 fetuses were also ¢xed at 3, 6, 24, 48, and 72 h postwounding, n¼12 per time point, and the whole-mounted skins
stained using the actin binding alkaloid phalloidin-FITC. Confocal microscope images of actin ¢laments in E19 fetal rat wounds at 6 h postwounding (E),
24 h postwounding (F), 48 h postwounding (G), and 72 h postwounding (H). Scale bar¼ 50 mm in (H) and applies to all images.
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digital computer ¢les and quantitative examination of the £uorescence was
performed using CoMOS (Bio-Rad) computer image analysis software.
RNA extraction and northern blotting cDNA was made from rat
fetal RNAwith avian myeloblastosis virus reverse transcriptase (Promega
Corporation Australia, Annandale, NSW, Australia). Rat-speci¢c gelsolin,
paxillin, and GAPDH polymerase chain reaction products of 342, 369, and
400 bp, respectively, were ampli¢ed from the cDNA usingTaq polymerase
(Qiagen Pty Ltd, Clifton Hill Victoria Australia). These hybridized to
mRNA species of 2.4, 3.6, and 1.23 kb, respectively. GAPDH cDNA
was kindly provided by Dr P. Mackenzie. The conditions for
ampli¢cation were as follows: an initial denaturation of 941C for 5 min;
35 cycles of 941C for 45 s, 581C for 1 min, 721C for 90 s, and a ¢nal
elongation of 721C for 10 min. The speci¢c primer sequences were






The polymerase chain reaction products were random primer labeled
with 32P deoxyadenosine triphosphate using the Strip-Ezy DNAt labeling
kit (Ambion Inc., Austin,TX) and unincorporated 32P removed by applying
the reaction to a Microspint G-50 column (Amersham Biosciences U.K.
Ltd, Bucks, U.K.) according to the manufacturers’ instructions.
E17 and E19 wounded fetal skin total RNAwas extracted and DNAse
treated using the RNEasy Mini Kit protocol from (Qiagen Pty Ltd)
according to the manufacturer’s instructions. Twenty to 40 mg of RNA
was eluted per sample in 30 ml of sterile H2O. Eight micrograms of each
total RNA sample was electrophoresed on a 1.2% agarose gel in
formaldehyde/MOPS/ethylenediamine tetraacetic acid bu¡er at 40 V for 6
h. The RNA was transferred to Hybond-Nþ membrane (Amersham
Biosciences) overnight by capillary transfer using 20 SSC transfer
bu¡er. After transfer the membrane was rinsed brie£y in 2 SSC, dried
between blotting paper and the RNA ¢xed by ultraviolet cross-linking in
a GS GeneLinkert ultraviolet Chamber (Biorad Laboratories, Regents
Park, NSW, Australia).
Northern analysis The RNA membranes were prehybridized in 10 ml of
Ultrahybt bu¡er (Ambion Inc.) for 2^4 h at 421C. The 32P-labeled probe
was heat denatured at 951C for 5 min and added to the prehybridization
solution, then allowed to hybridize overnight at 421C. After hybridization
the membranes were washed as follows: 2 sodium citrate/chloride bu¡er
(SSC)þ 0.1% sodium dodecyl sulfate (SDS) at 421C for 15 min;
0.5 SSCþ 0.1% SDS at 421C for 30 min; 0.1SSCþ 0.1% SDS at
421C for 30 min and 0.1SSCþ 0.1% SDS at 651C for 30 min. The
washed membranes were placed in heat sealed plastic bags and exposed to
Storage Phosphort (Molecular Dynamics, Amersham Biosciences Pty Ltd,
Castle Hill, NSW Australia) screens for 2^4 h. The exposed screens were
scanned on a Typhoont phosphorimage scanner at 200 mm sensitivity.
The scanned images were analyzed and bands quantitated using the Image
Quant TM version 5.0 software on an IBM compatible PC with
MicrosofttWindows NT.
Co-localization of actin with paxillin and gelsolin Wounded fetal
skins were ¢xed and washed as described above. The whole skins were
then permeabilized with 0.1% SDS/phosphate-bu¡ered saline for 30 min
before being washed and then bathed in primary antibody (paxillin 1 : 50,
gelsolin 1 : 50) for 1 h at room temperature. After further washing, the skins
were bathed in biotinylated anti-mouse secondary antibody (for paxillin)
(1 : 200; DAKO Corporation, Carpinteria, CA) or biotinylated anti-goat
secondary antibody (for gelsolin) (1 : 200; Santa Cruz, Biotechnology
Inc.) for 1 h room temperature before being washed again in Tris-bu¡ered
saline. Finally, streptavidin-CY3 (1 : 300) and FITC-phalloidin were added
Figure 2.Vertical pro¢le of actin staining in E17 and E19 fetal rat skins.Vertical confocal sections through the whole mounted skin of E17 and E19
fetal wounds. Actin cables can be seen in the fetal E17 skin in the epidermis at 6 h postwounding (A), 24 h postwounding (B), and 48 h postwounding (C).
Dermal actin can be seen in the E19 wounds at 6 h postwounding (D) and at 24 h postwounding (E). Actin cables are marked by arrows in (A,B,D,E), whereas
the actin ¢laments are marked with arrows in (D,E). Scale bar¼ 50 mm in (A) and applies to (B,D,E).
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to the skins for 40 min at room temperature. The skins were then washed,
carefully mounted on microscope slides and viewed using a Bio-Rad
MRC-1000 Laser Scanning Confocal Microscope System.
RESULTS
E17 fetal wounds The ability of an excisional wound in E17
fetal rat skin to close in serum-supplemented suspension culture
led us to investigate the motile forces involved in pulling together
the epithelial margins of the wound in the absence of an adhesive
substrate on which the epithelial cells could migrate. Wounded
skins from E17 fetuses were ¢xed at 3, 6, 24, 48, and 72 h
postwounding and the wholemounts stained using the actin-
binding alkaloid, phalloidin. In the presence of serum, all
wounds closed by 48^72 h culture. In all cases, a ring of
condensed actin was observed around the epithelial margin as
early as 3 h postwounding. This cable-like structure appeared to
be continuous from cell to cell and, although not always in the
same focal plane, formed a continuous ring around the wound
margin (Fig 1A). Over the course of the wound closure, the
polymerized actin ¢laments remained clearly visible and were
observed to ru¥e and condense as the epithelial margins
approached each other (Fig 1B,C). After epithelial closure,
organization of actin into a cable structure was no longer
apparent, although the intensity of ¢lamentous actin staining
around the wound was higher than the cellular cortical actin in
the surrounding skin (Fig 1D).
E19 fetal wounds We have previously shown that by 19 d of
gestation, skin excised from the fetal rat has lost the ability
to epithelialize an excisional wound in serum-supplemented
culture (Belford, 1997). To determine whether this develop-
mental loss of the capacity to heal an excisional wound in vitro
is related to the ability of the epithelial cells to polymerize
F-actin into a contractile cable around the wound margin,
wounded E19 skins were established in culture and processed
using FITC-phalloidin histochemistry. In contrast to the E17
wounds, no cable structures were observed in the wound
margins of the E19 fetal skins at any time point postwounding;
Figure 3. E¡ect of chemically disrupting actin polymerization and inhibiting cell proliferation on E17 fetal wound closure.Wounded E17 fetal
skin is shown immediately postwounding (A). Fetal skins were wounded and incubated in 10% FBS, 10 mg cytochalasin-B per ml, or 2 mM hydroxyurea for
up to 72 h (B^D). Fetal skins were pulse labeled with BrdU 24 h postwounding and incubated with either 10% FBS or 2 mM hydroxyurea (E and F,
respectively). The arrow in (E) shows BrdU-positive cells, whereas in (F) shows no positive cells. Note remnants of ink particles in epidermis (E,F) and
attached to dermis in (F). (D) Scale bar¼ 600 mm refers to (A^D); (F) scale bar¼ 500 mm refers to (E) and (F). Experiments performed three times with three
skins per time point and per treatment.
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however, actin ¢laments assembled in units between 11 and 18 mm
in diameter, extending perpendicular to the wound for some
150^200 mm, were seen at 6, 24, and 48 h postwounding
(Fig 1E^H). These structures were not organized into a cable
and, as the wounds did not close appreciably over the 48^72 h
time course post-wounding, did not appear to have any
contractile force.
Position of actin in E17 and E19 wounds Using the confocal
scanning microscope vertical pro¢les were created through the
E17 and E19 wound margins (Fig 2). At E17, the actin cable was
located in the epidermal layer of the fetal skin approximately
12 mm from the epidermal surface and ¢ve to six cells back from the
wound margin (Fig 2A,B). Figure 3(C) shows a vertical pro¢le
taken along a chord through the wound at 48 h postwounding,
showing the relative position of the cable in the epithelium on
both sides of the wound section. The position of the cable
relative to the wound margin was constant up to 48 h
postwounding. The thickness of the rat epidermis at E17
was determined using image analysis of hematoxylin and
eosin-stained slides. The mean epithelial depth was 217 0.40 mm
(7 SEM; n¼ 8 skins).
In contrast to the epidermal location of the actin cable in the
E17 wounds, vertical sections through the E19 tissues revealed
that the actin ¢laments surrounding the E19 wounds were
localized in the deep dermal layer of the skin (Fig 2D,E). Cross-
sections through the ¢laments revealed that they were much
larger than the actin ¢laments found in the epidermal layer of
the E17 wounds and were positioned approximately 125 mm
from the edge of the wound. Their position in the deep dermis
indicates that they are most likely to be within developing
panniculus carnosus muscle ¢bers, which may have become
aligned around the perimeter of the E19 wounds in response to
the change in tension that has occurred due to wounding.
Chemical disruption of actin polymers Cytochalasin-B,
which inhibits actin polymerization (Chang Lin et al, 1980), was
used to assess further the role of actin in fetal wound closure.
Addition of cytochalasin-B (10 mg per ml) to the medium
completely prevented epithelial closure at all time points in E17
wounds (Fig 3C). In all cases the wounds were still gaping open
at 48 h. FITC-phalloidin histochemistry showed irregular actin
staining with no discernible cable structure evident (Fig 4A).
Addition of cytochalasin-B to wounds in E19 skin did not a¡ect
the already limited wounding response; however, following
tagging of actin with the FITC-phalloidin, the dermal actin
¢laments were seen to form into spherical structures around the
wound margin (Fig 4B).
E¡ect of cell proliferation on wound closure To determine
the role of cell proliferation in the epithelialization of the E17
fetal excisional wound, 2 mM hydroxyurea was added to the
skin explants at the time of culture. To con¢rm inhibition of
cellular proliferation, E17 wounds were pulse labeled for 1 h
with the DNA intercalating agent bromodeoxyuridine (BrdU)
immediately prior to ¢xation at 24, 48, and 72 h, and cells
synthesizing DNA detected using an antibody to BrdU. In the
presence of serum, positive (nuclear) staining was observed in
the basal epidermal cells; in contrast, no positive cells were
observed at any time point in wounded fetal skin that had been
treated with 2 mM hydroxyurea (Fig 3E,F, respectively).
Complete closure of wounds was observed in all of the E17
skin explants incubated with hydroxyurea (Fig 3D). Following
labeling of the skins with phalloidin-FITC, actin cables were
still observed around the margins of the hydroxyurea-treated
wounds (Fig 4C). Therefore, actin cable formation but not
epithelial proliferation would appear to be required for wound
closure to occur in E17 fetal skin.
Mechanical disruption of wound margins In order to
determine whether the actin polymerization at the wound
margin of E17 skin was exerting a contractile force, wounded
E17 and E19 skin explants were cultured for 24 before the
creation of four incisions through the wound margins as
described in the Materials and Methods section
E17 skin explants Immediately upon making the four incisions
into the 24 h wound margins, the wounds rapidly increased in
size as the original wound margin contracted and the newly
created incisions were incorporated into an expanded wound
perimeter. This was more clearly seen in the Indian-ink stained
wounds, which showed that the original (now quartered)
wound margin had condensed at the expense of the gaping
incisions resulting in a ‘‘four leafed clover’’ appearance. (Fig 5B).
Three hours after creating the wound margin incisions the
wounds expanded from 0.62 7 0.05 mm2 to an area of
1.2970.33 mm2 of the uncut wound area (n¼12). Over the
Figure 4. E¡ect of inhibiting actin polymerization and protein pro-
liferation on actin cable formation in E17 fetal wounds. Phalloidin-
FITC binding to actin in E17 and E19 skins fetal skin treated with 10 mg
cytochalasin-B per ml (A and B, respectively). Phalloidin-FITC binding
to actin in E17 fetal skin treated with 2 mM hydroxyurea (C). Scale bar¼ 50
mm in (C) and applies to all images.
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following 48 h the wounds reassumed a circular shape, wound
closure recommenced and the area of the wound started to
decrease again. Upon staining these wounds with phalloidin-
FITC we observed actin cables around the perimeter of all the
cut edges (Fig 5E).
E19 skin explants Incising the margins of the E19 wounds 24 h
in culture did not a¡ect wound healing. In contrast to E17
wounds, the cut margins remained relatively opposed resulting
in a cross-shaped wound (Fig 5D), and wound area did not
di¡er from the uncut control wounds over the remaining 48 h
culture. Three hours after creating the wound margin incisions
the wounds had not expanded, measuring 0.5270.13 mm2
for the incised wounds compared with 0.6971.27 mm2 for
the control wounds (n¼12). Staining these wounds for
actin revealed no epidermal actin cable formation, although
condensed staining could be seen at the wound edges (Fig 5F).
Cytoskeletal gene expression in E17 and E19 fetal
wounds Wounded E17 and E19 fetal skins were cultured for
up to 24 h in serum-containing medium and mRNA was
extracted from the tissues at 0, 0.5, 1, 3, 6, and 24 h postinjury.
Using northern blot analysis and scanning densitometry we
determined the mRNA expression for paxillin, gelsolin, b-
actin, and GAPDH. The level of mRNA expression for paxillin
increased after injury to E17 but not E19 fetal skin explants.
Low level basal expression of the paxillin gene was observed
in unwounded E17 fetal skins (t¼ 0; Fig 6A), peaking at
3 h postwounding and returning to basal levels at 24 h
postwounding (Fig 6A,C). At E19, basal expression of the
paxillin gene observed in unwounded skin was not altered by
wounding (Fig 6B,C). In contrast the basal level of expression
for gelsolin observed in E17 skin was unchanged by wounding
(Fig 6A,D); however, the minimal gelsolin expression observed
at E19 (t¼ 0) increased after wounding, peaking 1 h postinjury
Figure 5. E¡ect of mechanically disrupting actin cables on E17 and E19 fetal skin. E17 and E19 fetal skins were wounded and left for 24 h before
four perpendicular cuts were created in the wound margins and subsequently left for 1, 3, 6, 12, 24, 48, and 72 h postwounding. India ink marks the wound
edges of E17 and E19 fetal skin 27 h after incubation in DMEM/10% FBS (A and C, respectively). E17 and E19 fetal skin, cut 24 h after original wounding,
and left for a further 3 h incubation in DMEM/10% FBS (B and D, respectively). E17 skin can be seen to form‘‘clover’’ shape in response to disrupting actin
at wound margins at E17 but has little e¡ect at E19. (Scale bar¼ 800 mm, n¼12 skins per time point.). Actin cables can be observed running around margin
of original wound at E17 (E, solid arrow). Newly forming actin cable can be seen around new wound (open arrow). No cables were observed in epidermis at
E19 (F). Scale bar¼ 50 mm in (F) and refers to (E,F).
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(Fig 6B,D). No e¡ect of wounding was observed for b-actin
gene expression at either of the gestational ages with or without
wounding (Fig 6E).
Paxillin and gelsolin protein localization in E17 and E19
fetal wounds Paxillin or gelsolin was localized using an
indirect immuno£uorescent protocol with streptavidin linked to
CY3 used as the £uorescent detection tag. Actin was localized
using the actin-binding alkaloid phalloidin linked to £uorescein.
Paxillin immuno£uorescence was not observed at 1, 3, or 6 h
postwounding (Fig 7A). By 24 h, when the wound edges were
signi¢cantly drawn together, paxillin was observed colocalizing
with actin (yellow £uorescence) around the wound margins
(Fig 7C). By 72 h, a ring of paxillin and actin was clearly
visible around the wound edges (Fig 7E). In contrast, no
staining was observed for paxillin in the E19 wounded skins at
any of the time points investigated (Fig 8A,C,E).
When gelsolin was investigated by immuno£uorescent
staining, no protein was detected colocalized with the actin
in E17 wounded skin (Fig 7B,D,F). In these wounds, actin
cables were clearly de¢ned surrounding the wound edges as
the wounds closed and, although positive staining for
gelsolin protein was seen (red £uorescence in epithelial cells
Fig 7B,D), when the images were merged no colocalization
with actin was observed; however, when wounded E19
fetal skins were studied, strong staining for gelsolin was
observed associated with the dermal actin ¢laments (Fig 8B,D).
As early as 1 h postwounding, increased immunostaining
for gelsolin was observed condensed around the inner edge
of the actin ¢laments that were lying perpendicular to the
wound edges (Fig 8B). This expression peaked at 3 h but was
reduced by 6 h (Fig 8D,F). Merging the actin with the gelsolin
images showed the gelsolin surrounding the actin ¢laments but
did not show any direct colocalization of these two proteins
(Fig 8B,D,F).
DISCUSSION
This study has revealed that there is a gestational transition in the
ability of wounded fetal epithelium to re-organize actin ¢laments
into contractile elements. The ability of E17 fetal wounds to form
contractile actin elements around the wound margins is lost by
E19 at which time an excisional wound will not heal in in vitro
suspension culture.
The role of actin in fetal wound re-epithelialization was ¢rst
suggested by Martin and Lewis, 1992) who showed that actin
condensed in the basal marginal epidermal cells in response to
Figure 6. Expression of paxillin and gelsolin mRNA in
E17 and E19 fetal wounds. E17 and E19 fetal skins were
wounded and cultured in DMEM containing 10% FBS for 0.5,
1, 3, 6, and 24 h. The skins were snap frozen and mRNA ex-
tracted and probed for paxillin (3.6 kb), gelsolin (2.4 kb), b-actin
(1.1 kb), and GAPDH (1.23 kb) genes using northern blot analy-
sis (A and B, respectively). Densitometric analysis of the result-
ing bands, normalized to GAPDH are shown for paxillin (C),
gelsolin (D), and b-actin (E). Three di¡erent fetal skins were
used at each time point.
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wounding in an E4 fetal chick or E11.5 mouse (McCluskey and
Martin, 1995). This ‘‘actin cable’’ was proposed to act in a purse-
string manner to draw the wound margins together. Further stu-
dies by Brock and colleagues have supported this contention by
colocalizing myosin to these cables and demonstrating the clus-
tering of cadherins at the wound margin, suggesting that the
cable joins adjacent cells via adherens junctions (Brock et al,
1996). Given these observations, we initially set out to determine
whether actin condensation was observed in the epithelial margin
of wounds in isolated E17 (closing) and E19 (nonclosing) fetal rat
skins in vitro, and, whether actin polymerization could be corre-
lated with this developmental loss in the ability of fetal skin to
e¡ect epithelial repair in vitro.
We observed actin reorganization around the excisional
wounds in E17 skin as early as 3 h postwounding. These ‘‘cables’’
appeared to become anchored between 24 and 48 h while they
thickened and condensed suggesting that they were causing the
wounds to contract and close. Upon full wound closure the actin
cables dispersed indicating that there was no longer a requirement
for the contractile cable. Increased cellular actin (compared with
the basal actin staining) was still observed at the wound site but
this eventually decreased to background levels. Vertical sections
through the wound margin showed the cable to be 12 mm from
the epidermal surface and ¢ve cells back from the wound edge.
As the strati¢ed epithelial layer at this stage of fetal development
is approximately 21 mm thick, this would suggest that the cable is
within a layer of the suprabasal epithelial cells. The width of the
cable, although increasing from 1 mm to 5 mm during healing,
was consistent with the cable occupying a ring of single cells that
are drawn together as the cable shortens. The position of the cable
¢ve to six cells back from the wound margin may explain our
previously observed ‘‘pimple-like’’ protrusion in the center of the
healed wound, whereby drawing together of the wound from a
few cells back from the leading edge would produce the overclo-
sure of the wound and raising of the epithelium as the margins
meet.
Figure 7. Colocalization of actin with paxillin or gelsolin in E17 fetal wounds. Four E17 fetal skins per time point were ¢xed in 4% paraformalde-
hyde after 1, 3, 6, 24, 48, and 72 h postwounding. The whole skins were dual stained for actin using the actin-binding alkaloid phalloidin linked to £uor-
escein and paxillin using indirect immuno£uorescence. Merged images are shown for paxillin and actin at 6 h (A), 24 h (C), and 72 h (E) postwounding.
The arrow in (C) and (E) points to paxillin colocalized with actin. Merged images of gelsolin and actin at the same time points are shown in (B,D,F). The
arrow in (A,B,D) points to actin cables. Magni¢cation bar in (F) refers to all images and is 50 mm.
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In contrast to wounds in the E17 skin explants, wounds in E19
skin did not contract and no organization of actin into a contrac-
tile element was observed in the epidermal layer. Phalloidin-
binding actin ¢laments, however, were present in the dermis in
a concentric pattern around the perimeter of the wound. These
¢laments were responsive to cytochalasin-B, which caused them
to round up and become spherical in nature.
After the presence of condensed actin ¢laments had been es-
tablished in the epithelium around wounds in isolated E17 but
not E19 skin, we sought to take advantage of the accessibility of
the in vitro model to implement strategies to disrupt, chemically
or mechanically, this periwound actin. Inhibition of actin poly-
merization essentially converted the E17 healing response to
wounding to an E19 response. In the presence of cytochalasin-B
neither wound closure nor actin cable formation was observed in
E17 fetal wounds indicating that the presence of a functional actin
cable is required for early gestation wound closure to occur. As
E19 fetal wounds do not close in vitro, addition of cytochalasin-B
to these wounds had no e¡ect on wound closure, although the
dermal actin ¢laments surrounding the wound margins were ob-
served to change morphology. In adult wounds in vivo, addition
of cytochalasin B would be expected to inhibit wound closure
due to its inhibitory e¡ect on actin containing myo¢broblasts
that drive wound contraction. Interestingly, the addition of the
cell division inhibitor, hydroxyurea, was found not to a¡ect E17
wound closure. Actin cables were observed around the wound
margins in hydroxyurea-treated wounds and closure proceeded
in identical fashion to control explants indicating that cell divi-
sion was not required for fetal wound re-epithelialization. The
e¡ect of hydroxyurea on E16 fetal wounds in vitrowas also exam-
ined by Ihara and Motobayashi (1992). They concluded that cell
migration and not cell proliferation was important in fetal wound
repair. Our studies suggest that it is not cell migration (as the ex-
plants are suspended in culture with no surface for cells to mi-
grate across) nor is it cell proliferation but the formation of an
actin cable that is the important factor in early gestation fetal
Figure 8. Colocalization of actin with paxillin or gelsolin in E19 fetal wounds. Four E19 fetal skins per time point were ¢xed in 4% paraformalde-
hyde after 1, 3, 6, 24, 48, and 72 h postwounding. The whole skins were dual stained for actin using the actin-binding alkaloid phalloidin linked to £uor-
escein and paxillin using indirect immuno£uorescence. Merged images are shown for paxillin and actin at 1 h (A), 3 h (C), and 6 h (E) postwounding.
Merged images of gelsolin and actin at the same time points are shown in (B,D,F). The arrows in (B,D) point to gelsolin staining around the actin ¢laments.
Magni¢cation bar in (F) refers to all images and is 50 mm.
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wound closure. Although epithelial proliferation is clearly impor-
tant in the re-epithelialization process of adult wounds our results
again highlight the di¡erent mechanisms that are involved in fe-
tal compared with adult wound repair. Whether epithelial cell
movement into the E17 wounds re£ects a change in adhesion
proteins that allow di¡erent layers of the epidermis to slide over
each other, or results from release of the epidermis from the base-
ment membrane is still not known; however, expression of epi-
dermal integrins is upregulated in fetal wounds (Cass et al, 1998),
and therefore may permit such epithelial ‘‘sliding’’ to occur.
Mechanical disruption was achieved by literally severing the
actin cable at four points around the wound margin 24 h after
wounding. The original wound margin condensed over 1^3 h,
pulling apart the edges of the newly created incisions so that they
became incorporated into an enlarged wound perimeter. Over
the subsequent 24^48 h the wound rounded up and again began
to close. Contraction of the original wound margin at the ex-
pense of the newly created incisions supports the contention that
the cable is the cause of generating tension in the fetal wound
margin and is not formed solely in response to tension, as has
been suggested for the myo¢broblast in the contracting adult der-
mis (Grinnell, 1994). In marked contrast to the E17 response, in-
cising the margin of the wounds in E19 skins was without
signi¢cant e¡ect on wound size. As no actin cable was formed
around the E19 wound margins they were not under any tension
allowing the margins of the newly created incisions to remain
opposed. This again points to the di¡erent e¡ect of gestational
age on the mechanism of fetal wound closure.
The ability of E17 but not E19 epidermis to form an actin cable
raises questions as to the identity of cellular signals produced in
response to wounding in the E17 skin. The position of the cable
would imply that it is not formed in direct response to cell da-
mage but perhaps is more a response to tension changes in the
skin as a result of wounding. Thus, a position ¢ve to six cells
from the wound margin may represent the ¢rst full ring of cells
that can take up the tension that the wounding has produced. Ad-
ditionally, there may be cell signaling responses to the wounding
of the epithelia, which activates the early response genes. Indeed,
a previous study has shown the necessity of the GTPase Rho for
the formation of the actin cable (Brock et al, 1996). Whereas
epithelial contraction is ‘‘intrinsic’’ to fetal skin to the extent that
it occurs in isolated, organ cultured skin explants, we have pre-
viously shown that epithelial closure is dependent on a source of
trophic factors such as serum or wound £uid. Addition of single
growth factors, including transforming growth factor, platelet-
derived growth factor, epidermal growth factor, or insulin-like
growth factor do not supplant the serum requirement and sug-
gests that a complex milieu of factors is necessary to support the
fetal epithelial healing response (Belford, 1997).
The rearrangement of actin ¢laments into contractile elements
is mediated by the actin-associated proteins, paxillin and gelsolin
(Turner, 1998; Sun et al, 1999).We observed upregulation of paxil-
lin gene expression following wounding in E17 but not E19
fetal skin. Paxillin protein also colocalized with actin at E17 but
not at E19. As E19 wounds are unable to form actin cables it is
interesting to speculate that paxillin may be involved in the
reorganization of actin into cables in early gestation fetal wounds.
It has been suggested that paxillin contributes to the attachment-
dependent tyrosine phosphorylation of focal adhesion kinase
and is involved in cell spreading (Wade et al, 2002); indeed, these
authors have shown that paxillin null embryonic stem cells
have impaired cell spreading. Paxillin also modulates ¢bronec-
tin-regulated focal adhesion dynamics and organization of the
membrane structures that regulate cell migration and spreading
(Hagel et al, 2002). As ¢bronectin has several roles in wound
healing, including acting as a substratum for cell migration and
as a mediator of cell adhesion through cell surface integrins
(Clark, 1990), the ability of paxillin to modulate its activities
may be important in the mechanism of scar-free fetal wound
repair. In contrast to paxillin, gelsolin gene expression was
upregulated in response to wounding at E19 but not E17. Further-
more, gelsolin protein was only observed at E19 surrounding the
ends of the actin ¢laments. It is known that gelsolin can nucleate
actin ¢lament assembly, blocking fast exchanging ends of actin
¢laments and severing ¢lamentsall of which are important
processes for cell motility (Arora and McCulloch, 1996) After
severing, gelsolin remains attached to the barbed ends as a cap
resulting in actin ¢laments that cannot be re-annealed with each
other or elongated at their barbed ends (Sun et al, 1999).Therefore,
it is possible that the gelsolin observed capping the actin ¢la-
ments in the E19 fetal wounds is preventing actin polymeriz-
ation and inhibiting wound closure. Studies have revealed that
adult wounds created in gelsolin knockout adult mice have
wounds that gape open postinjury and delayed wound closure
is observed (O’Kane, 1997). Additionally, studies have shown
that neither gelsolin nor other proteins with similar actin ¢la-
ment-severing activity are expressed in early embryonic cells,
indicating that this mechanism of actin ¢lament dynamics is not
essential for motility during early embryogenesis (Witke et al,
1995).
In summary, early gestation fetal skin retains an intrinsic capa-
city to epithelialize an excisional wound, in explant culture, and
that integral to this ability is the intrinsic capacity of the skin to
reorganize actin into contractile elements.The developmental loss
in the ability to form these contractile actin cables occurs at the
same time that fetal skin assumes a scar-forming mechanism of
wound repair. Manipulation of the actin cytoskeleton may there-
fore be an important target for future studies aimed at preventing
scar formation in postnatal skin.
Confocal images were obtained with the assistance of Dr Peter Kolesik and Dr Ghafar
Sarvestani at the University of Adelaide and Hanson Center for Cancer Research,
respectively.These studies were funded by the Channel 7 Children’s Research Founda-
tion of South Australia for which we are very grateful.
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